In this article, methods are addressed to reduce the computational time to compute organ-dose rate coefficients using Monte Carlo techniques. Several variance reduction techniques are compared including the reciprocity method, importance sampling, weight windows and the use of the ADVANTG software package. For low-energy photons, the runtime was reduced by a factor of 10 5 when using the reciprocity method for kerma computation for immersion of a phantom in contaminated water. This is particularly significant since impractically long simulation times are required to achieve reasonable statistical uncertainties in organ dose for low-energy photons in this source medium and geometry. Although the MCNP Monte Carlo code is used in this paper, the reciprocity technique can be used equally well with other Monte Carlo codes.
INTRODUCTION
The Federal Guidance Report 12 (FGR12) (1) , published by the US Environmental Protection Agency and prepared by Oak Ridge National Laboratory (ORNL), contains dose rate coefficients for organs of the human body due to external exposure to photons and electrons emitted by radionuclides distributed in air, soil and water. These coefficients were computed using a stylized adult phantom and coupled deterministic and Monte Carlo methods. Now, almost three decades after the publication of FGR12, a revision of the dose rate coefficients has been performed to develop age-specific coefficients and to improve the adult coefficients primary at low photon energies.
The exposure scenarios of FGR12 and its update included the water immersion scenario where agespecific phantoms are fully immersed in water contaminated by photon emitters. A total of six hermaphrodite phantoms representing newborn, 1-, 5-, 10-and 15-year old and an adult phantom were used in the update of FGR12. For the Monte Carlo calculations, MCNP version 6.1.1 was used (2) . To facilitate the generation of radionuclide specific dose coefficients, a series of monoenergetic photon sources in the range of 10 keV-5 MeV were simulated and then folded with radionuclide specific emission intensities to provide dose coefficients.
When performing Monte Carlo calculations, the kerma approximation was used, specifically F6 tally in MCNP that uses the track-length estimator. The kerma approximation was used because for many organs, charged particle equilibrium is established, so kerma provides a reasonable estimate for dose for the energies considered here; the kerma approximation is regularly used in this type of calculation (3, 4) . Although Monte Carlo calculations of the kerma in large organs with acceptable uncertainties; e.g. muscle and brain can be achieved in relatively short computational times, this is not the case for smaller organs, particularly if they are located deep within the body. Thus, the calculation of the kerma in organs like the adrenals or the ovaries is much more difficult to achieve in reasonable computing times and with readily available computer resources.
For photons of energies less than 100 keV, standard variance reduction methods, as the ones discussed in this paper in later sections, did not achieve well-converged results in reasonable run times. This difficulty arises because low-energy photons are not very penetrating in tissue and determining the kerma rate in heavily shielded regions is difficult when relying on Monte Carlo methods.
In this article, various techniques to reduce the runtime while decreasing the statistical uncertainty of organ calculations are explored. The first approach was through the optimization of the source geometry by addressing the necessary volume of water surrounding the phantom. Second, implementing a sampling technique that involves identifying regions of greater dosimetric importance and increasing the sampling efficiency in these areas is explored. Third, a technique implemented in MCNP called weight windows is employed where the problem geometry is overlaid with a grid that is used for importance sampling. The next step is a method to create these weight windows in a time-efficient manner, even for lowenergy photons. Finally, results using the reciprocity technique that involves interchanging the source and the tally regions under certain boundary conditions is discussed. The principal purpose of this article is to explore the use of the reciprocity technique for organ dose computations.
The reciprocity technique using stylized phantoms was implemented more than 30 years ago (5) to calculate specific absorption fractions. In that work, organ doses due to radiation sources inside the human body were calculated. Calculations involving internal contamination share the same computational challenges as external contamination in the low-energy photon region. As will be shown in this article, using the reciprocity technique, it was possible to decrease computational times for water immersion calculations by several orders of magnitude, and thus to achieve converged answers with acceptable errors for all organs and energies. The tally error mentioned in these calculations is in fact the precision of the Monte Carlo calculation.
MATERIALS AND METHODS
All calculations were performed using an 8-core, 3.4 GHz Intel Core i7 PC. Monte Carlo calculations were performed using MCNP 6.1.1 (2) . Stated runtimes of simulations are in computer time, ctme units used by MCNP. The calculations presented herein use the adult phantom to compute the kerma (the F6 tally in MCNP) to the adrenals, a small internal organ, which is particularly difficult to sample effectively in a forward Monte Carlo calculation. The MCNP plots shown were created using the Visual Editor (6) .
Situation prior to optimization
The ORNL stylized phantom (7) was modeled to be immersed in a 400 × 400 × 400 cm 3 cubical water box. The adult phantom is roughly 40 cm wide, 25 cm thick and 175 cm high. The phantom is centered in the box for all computations. The water is uniformly contaminated with monoenergetic photon emitters. The photon energy range used ranges from 10 keV to 5.00 MeV.
Various variance reduction techniques
Reducing the water volume A method of reducing computation time is to limit source particle production to those that significantly contribute to the organ dose. Photons originating at a distance of more than 5 mfp from the phantom contribute <1% to any organ dose (8) . This is because these photons will be attenuated such that they will not significantly contribute to the organ dose coefficients. Therefore, their contribution can be neglected in this scenario since the achievable accuracy in radiation transport calculations involving phantoms is generally >5% at low energies (3, 9) , 10 .
The low-energy photons have a mean free path of a few cm, as shown in Table 1 . For the case of 500 keV photons, 50 cm of water corresponds to approximately 5 mfp. In this work, this technique is not applied to photons above 500 keV.
Free path of photons in water calculated using data from NIST (11) . Two scenarios were investigated-a reduction of the water volume to a 200 × 200 × 200 cm 3 volume and a 100 × 100 × 200 cm 3 volume (width × depth × height). The phantom is in the center of the volume. Both of these sizes are still large enough to have several mean free path of water between the outside planes of the box and the phantom, yet these sizes significantly reduce the source volume that needs to be sampled, thus generating more source photons near the phantoms.
Importance sampling
For this variance reduction technique, the geometry was sectioned into several nested boxes around a central box containing the phantom. The total of these boxes constitute the original problem geometry so no physical transformations to the geometry were made. However, this sectioning process allows for the introduction of importance weighting factors in different sections of the geometry. The importance values of the boxes were split at each interface, as shown in Figure 1 . When a particle passes from an area with lower to higher importance it is statistically split into more particles. Conversely, a particle passing from a high to a lower importance volume the track is terminated with a finite probability. This sampling technique is generally referred to as Russian Roulette. When particles are created or killed, the statistical weights of the resulting particles are adjusted accordingly. For example, if a single photon is split into two photons, they are assigned importances half the original statistical weight. The technique is described in various publications about Monte Carlo transport (12) .
Weight windows
The weight windows option in MCNP was implemented to provide improved importance sampling over the manual splitting approach. In that technique, the original geometry is overlaid with a spatial mesh. In a first run, each of these mesh cells, called weight windows, is assigned a weight. When a Table 1 . Mean free path of photons in water calculated using data from NIST (11) . E (keV) 10 50 100 500 1000 5000 Mfp (cm) 0.19 4.41 5.86 10.32 14.14 32.99 particle crosses from one mesh cell to another, the importance sampling test is made. This saves the user from the tedious work of continuously splitting the geometry into small pieces for a valid importance sampling. The creation of the weight windows is energy dependent; this requires a new set of weight windows to be generated for each source energy. For further explanations and examples of the weight windows method, the reader is directed to Ref. (13) . A 3D rectangular cubic mesh was laid out to enclose the water box with a mesh size of 5 cm side length. Weight windows were created in three consecutive 20-min runs and optimized to using a kerma tally in the adrenals. After creating the weight windows, the simulation to obtain kerma was run.
Automatic weight window creation using ADVANTG
The ADVANTG code (14) , which creates the weight window input file for MCNP using the Denovo code was applied to the problem. Denovo uses a multigroup adjoint calculation that ADVANTG employs to determine the weight windows. This makes it possible to create perfectly assigned weight windows even for a fine mesh at low energies in a short time ( Figure 2 ). For 100 keV photons, weight windows were optimized for the adrenals. In the first run, the weight windows were created on a cubic mesh with 5 cm side length. In a second instance, a finer mesh having width and depth of 1 cm and height of 2 cm was introduced.
In all previous methods presented in this work and in the first two calculation using ADVANTG, all organs of the body were tallied. Also the weight windows were optimized for all the tallies in the body. For small organs this method is favorable if a single Monte Carlo run is dedicated to tally only kerma in that organ and all other organs remain not tallied. Consequently, the weight windows also get optimized only for that particular organ. Thus, ADVANTG was used in a third series of calculations: All tallies except the adrenals were removed from the MCNP input file, then the weight windows were created again using ADVANTG and a Monte Carlo calculation with this set of weight windows was performed.
Reciprocity

Theoretical aspects of reciprocity
The theoretical aspects of reciprocity in transport computations are discussed in a number of articles in the literature (8, (15) (16) (17) (18) . A brief discussion is included here for the benefit of the reader.
The simplest case of the reciprocity is that of a point source and a point detector in an infinite, homogeneous medium. In that situation, exchanging the source with the detector and running the problem in the opposite direction, obviously results in the same answer.
When the source and detector are in different media, that assumption is not straight forward and not universally applicable. Assuming a uniform, finite source region (Figure 3 ), S, with a specific activity A then the absorbed dose rate in the target region, M,̇( ← ) D M S , is as follows:
Where the source medium has an attenuation coefficient of μ S , the material between source and target μ O and the target region μ M . The path of the particle consists of three path length segments, in the source r S , between the source and the target r O and in the target and r M , which sum to give a total path of 
is the mass energy absorption coefficient in M. Note that equations (1) and (2) are numerically equal if the mass energy absorption coefficient in S and M are equal.
This demonstrates that the integral dose throughout any volume due to a uniform, finite source is equal to the integral dose in the original source region if the initial target region is now filled with the same uniform source (16) . The theorem stated in equation (2) holds only for uncollided photons and not when scattered photons or any other secondary particles strongly dominate the radiation dose at the target. Also the mass energy absorption coefficient μ ρ / must be similar in the source and target region for equation (2) to hold (8) .
The mass attenuation coefficients in the range of 10 keV-5 MeV for the brain, adrenals, water and air are similar as shown in Figure 4 . The material 
). definitions of the organs are taken from ICRP 110 (9) , the mass attenuation coefficients for the materials were calculated according to Ref. (11) . Thus, reciprocity conditions are met for these organs.
Regarding the cranium, the mass attenuation coefficients are dissimilar, so the reciprocity principle is violated. If the reciprocity technique is still used, it will introduce a systematic error to the calculation. Earlier works from e.g. Cristy (5) accept results of the reciprocity calculation with the anticipation of an error up to 10%. If such an error is acceptable depends on the problem in question.
This demonstrates the well understood limitation of the reciprocity method. However, in cases where forward calculations are unable to produce meaningful results the reciprocity method may be used provided the limitations of this approach are recognized.
The largest difference from water is for the cranium at 10 keV where they differ by a factor of 2. Although this single organ shows a 2-fold difference at the lowest energies, there is a tight overlap by the other organs. The reciprocity technique can be applied for photon energies below 100 keV for organs other than the cranium. Given the large run-times that prevent tally convergence using the forward method, the difference in the mass attenuation coefficient plays a less crucial role.
Reciprocity on the phantom calculations
For the calculation with the phantom, all organs that were the target in the forward run were modeled as sources in the reciprocal run and the kerma in the water surrounding the body served as the target.
For energies of 50 keV or more, all organ sources can be sampled and tallied at one time (Figure 5a ). However, this approach becomes inefficient for lower energy photon simulations. For low-energy photons, it is more efficient (meaning the runtime is shorter for the same statistical uncertainty) to perform a single run for each organ (Figure 5b ) so that all source particles start in the organ of interest.
RESULTS
Especially at low energies, the mean free path (mfp) of the photons in water is short; in fact, most of the source particles generated in the box with 4 m side length never reach the phantom; this can be seen in Table 1 which lists the mfp of photons in water for selected energies in the simulated energy range. Assuming attenuation in the first 4-5 mfp, photons in the outer portion of the source box are unlikely to reach the phantom with any frequency. Table 2 gives a synopsis of a set of 8-min runs for the adrenals tally without applying any variance Figure 5 . Reciprocity calculation, all organs in the body as source at once (a), or single organs as source, e.g. the heart (b). Table 3 the impact of the reduced water volume to compute kerma in the adrenals of the adult phantom are again reported for 8-min runs. For 500 and 10 keV photons, computations for the reduced water volume are also presented for longer run times. The calculations show a reduction of the tally precision from 24 to 4% for an 8-min run with 500 keV photons when reducing the volume to 100 × 100 × 200 cm 3 . For 10 keV, no photons reach the tally at all with the initial water volume. Using a smaller volume resulted in some photons reaching the tally volume, but with an unacceptably low probability.
For a 1440 min (24 h) run, the tally precision for the kerma of the adrenals is less than 1% for the 500 keV photons; however, the error is still about 24% after a 7200 min (120 h) run for the 10 keV photons.
In Table 4 , the results from the importance splitting of Figure 1 and the 400 × 400 × 400 cm 3 water box are reported. The kerma is shown for 8-min runs for the 500 100 and 10 keV photons. There is a noticeable improvement for the 500 keV and 100 keV photons as the error decreases from 24 to 16% and 25 to 21%, respectively. However, no particles were tallied in the adrenals for the 10 keV photon cases.
The results using the weight window technique, which improves the importance sampling, are shown in Table 5 . There is no obvious improvement over the original 8-min runs. The use of weight windows allows for faster tally convergence, but the computation time is mostly dedicated to the creation of the weight windows. For lower energies, the creation of the weight windows takes almost as long as the run itself.
In Table 6 , several runs performed using weight windows created with the ADVANTG code. It can be seen that the time needed for the generation of the weight windows with ADVANTG increases with the number of mesh cells (coarse vs. fine mesh), because weight values for a larger number of cells have to be calculated. The time needed to create the weight windows also increases with higher source energies, as there are more groups in the multigroup calculation performed by ADVANTG.
After the creation of the weight windows, the runs for 500 and 100 keV show an error below 8% after an 8-min MCNP run. This is a large improvement compared to the 20% error range for the other approaches. Although ADVANTG facilitates the creation of the weight windows and is capable of producing a fine mesh of weight windows in a short time, still there is no significant improvement for 10 keV photons where no particles are tallied in the adrenals for an 8-min run. Similarly, after an 80-min run with the ADVANTG generating weight windows for an adjoint source in the adrenals, i.e. with 10 times more source particles tracked there are no particles recorded in the adrenals tally.
The reciprocity results are shown in Table 7 . For the reciprocity runs, no weight windows or any other additional variance reduction methods were used. The results for the adrenals tally for photon energies of 500, 100 and 10 keV are in that table for two cases: (a) the source all organs and (b) for the source in the adrenals only. It shows that for the source implementing all organs in the body at the same time, the tally precision is below 10% for 8-min runs at 100 and 500 keV, while it is still at 70% for 10 keV. For the source only in the adrenals, the error for 100 and 500 keV is reduced to 0.1% and as low as 10% for 10 keV photons for an 8-min run.
In applications, usually a higher tally precision, is required. For example, the MCNP manual (19) states that no statistical uncertainties larger than 5 or 10%, depending on the tally should be considered accurate. For this work, tally errors less than 3% were considered acceptable. Adrenal tallies up to this statistical uncertainty were calculated using the most efficient forward calculation method, which employs weight windows calculated by ADVANTG and then compared to the calculation using the reciprocity method. In Table 8 , the adrenal kerma, the associated statistical error and the runtimes for 10, 100 and 500 keV photons are listed. Using reciprocity, a 3% statistical uncertainty was achieved after 104 min of run time for 10 keV photons. The forward calculation was stopped after 30 days of runtime, still having an error of 9.4%. Using the approximation that the statistical error is proportional to N 1/ , with N the number of particle histories (19) , a runtime of 294 days was estimated to achieve a 3% statistical error on the tally; that is about 4 × 10 4 times longer than the reciprocity calculation. The calculations show that runtimes employing the reciprocity method are Table 8 . Comparison between reciprocity and forward calculations for the adrenals. The statistical error of the MCNP simulation is ≤3%. For the forward run, the time is the sum of the time it takes to create the weight windows in ADVANTG and the time the MCNP simulation ran. a The error of the 10 keV forward run was still at 9% after 30 days of runtime; an extrapolation to a 3% error would estimate a runtime of 294 days, 4.07E+03 times slower than the reciprocity calculation. up to a factor 10 5 faster than the forward calculations.
For the adrenals, the heart, and the brain the ratio between the kerma values estimated with forward and with reciprocity calculation is shown in Figure 6 . It shows that the results agree within 10% for energies above 30 keV.
DISCUSSION
Reduction of the computational time can be achieved with various variance reduction techniques as shown by the simulations presented in this work.
Reducing the source volume (water surrounding the phantom) speeds up the computations and is the simplest solution, although consideration must be made to the mean free path of photons so that the water volume is sufficiently large. Although it eliminates large numbers of photons starting far from the region of interest, it is not the most efficient method for obtaining low statistical error for low-energy photons. Importance sampling is a technique to reduce the variance as well, but sufficient reductions in uncertainties were not observed to give the authors confidence that it would result in reasonable run times for the very low photon energies. Weight window techniques did not reduce the total run time when the computer generation of the weight windows of the problem were included. It could be argued that with more time dedicated to weight window generation and more sophisticated weight window layouts better results could be achieved in reasonable run times. In general, it is hard to create weight windows for low-energy photons. Better results, even for low-energy photons, can be achieved with weight windows created with an adjointmultigroup code; e.g. ADVANTG.
With advanced variance reduction methods and the creation of weight windows generated by ADVANTG, MCNP results with low statistical uncertainties for photon energies of 100 keV and above can be achieved in reasonable computational time. A statistically reliable output in the range of 10 keV photons cannot be achieved in reasonable time. For that problem, the use of reciprocity provides a method to obtain a lower variance in dose.
The reciprocity method results in organ dose coefficients similar to the forward calculations within the statistical error. The simulations show that there is a large improvement in the calculation time for lowenergy photons using the reciprocity technique; in fact, the run-times for the adrenals were reduced by a factor of 10 5 . For the calculations of a body immersed in water, where water approximates most phantom tissues, the coefficients calculated with the reciprocity method are within 10% of those obtained in the forward manner. Figure 6 shows the ratio between the kerma values estimated with reciprocity and forward calculations for the brain, heart and adrenals over photon energies ranging from 15 keV to 5 MeV.
To the authors knowledge, the reciprocity has yet not been applied to assess organ absorbed doses to phantoms for external radiation. An earlier work by Cristy (5) shows the application of the theorem for the calculation of the absorbed dose for internal emitters.
The reciprocity theory has known limitations as discussed earlier. Therefore, care must be taken to not generalize the reciprocity techniques beyond the realm of applicability. When applying the approach to other geometries or problems, the results may not be valid, particularly if the mass attenuation coefficients of the materials in the problem differ significantly. In some instances, although the strict requirements of the reciprocity method may not be met (e.g. bones where the mass attenuation coefficients differ from water), the reciprocity technique may still be used to provide tally results. Users must recognize the relative inaccuracy of these results, however, for the case of low-energy photons, forward Monte Carlo calculations may not converge it all, making it impossible to produce meaningful results.
Although an even greater efficiency of the simulation could be achieved for the Monte Carlo run by combining reciprocity on single organs with weight windows generated by ADVANTG, the effect is limited by the time needed for the ADVANTG run to create the weight windows. In that case, for each of the runs, a separate set of weight windows would have to be generated, which required about 120 min of run time each. Therefore, no improvement in the total run time would be achieved, because for the runs that only apply the reciprocity technique, the Monte Carlo runtimes are only in the order several minutes to less than 2 h for the longest calculations, such as the adrenals.
Other techniques like the uncollided or adjoint calculations might also significantly increase the efficiency of the problem and decrease the run times presented here. This is particularly the case at low energies; e.g. 10 keV, where uncollided photons dominate the dose. In such cases, other codes or a patched version of MCNP are useful. In addition, some thoughts have to be given to the problem setup for alternative computational methods. The authors will address those techniques in a separate publication. This paper uses stylized models to calculate the organ doses and compare reciprocity against forward runs. Although one might argue that the ICRP 110 voxel models (9) should be used in applications, it is not necessary to use them to demonstrate the validity of the reciprocity theorem. The techniques and the applicability as described here can be extended to voxel phantoms without different conclusions. The advantages in the reduction of computational time will apply when a voxel phantom is used.
The organ dose difference between stylized and voxel phantoms have been discussed in the literature (3, 4) .
CONCLUSIONS
During the computation of the organ absorbed doses for the update of Federal Guidance Report 12, it was challenging to calculate organ doses for phantoms fully immersed in water with acceptable statistical uncertainty using forward Monte Carlo simulations.
A novel approach to calculate organ dose due to external photon sources to human phantoms is presented in this work making use of the theory of reciprocity. Although the theory of reciprocity has been known for several decades (14, 15) and its application to human phantoms has been shown for internal sources (5) , the application to external sources was not discussed. It has been shown that the same organ dose coefficients are calculated when using the reciprocity calculation in lieu of forward Monte Carlo, but that run-times are factors of hundreds to a hundred thousand times shorter than for forward runsimprovements in the run-time that cannot be achieved with traditional Monte Carlo variance reduction methods (Table 9) .
This approach works only if the reciprocity theorem holds true. In that case, the mass absorption coefficient of the organs and tissues of the phantom must be similar to those of the medium surrounding the phantom, such as the case of the immersion in water discussed here. If other geometries are considered, particular attention to the requirements of the reciprocity concept must be considered.
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